We explored the utility of time-resolved angiography with interleaved stochastic trajectories dynamic contrast-enhanced magnetic resonance imaging (TWIST DCE-MRI), readout segmentation of long variable echo-trains diffusion-weighted magnetic resonance imaging-diffusion-weighted magnetic resonance imaging (RESOLVE-DWI), and echo-planar imaging-diffusion-weighted magnetic resonance imaging (EPI-DWI) for distinguishing between malignant and benign breast lesions.
Introduction
Worldwide, breast cancer is the most commonly diagnosed cancer in women, and this disease accounts for 23% of all cancer cases and 14% of cancer-related deaths. [1] There was on average a 4.6% annual increase in the incidence of breast cancer in the urban Chinese population between 1982 and 2001, with a mortality rate of 8-10/100,000/year, ranking breast cancer as one of the leading causes of cancer-related deaths in women in China. [2] [3] [4] [5] Early detection, diagnosis, and treatment are key factors for improving the prognosis of patients with breast cancer and reducing mortality rates. Patients with suspected breast cancer are examined by mammography, sonography, and magnetic resonance imaging (MRI). However, the sensitivity of mammography and sonography for invasive tumors is lower than that of magnetic resonance imaging (MRI) (mammography: 83.7%; sonography: 89.1%; and MRI: 94.6%). [6] Among the MRI modalities available, diffusion weighted MRI (DWI) and dynamic contrast-enhanced (DCE)-MRI play important roles in the diagnosis, differential diagnosis, and therapeutic evaluation of breast cancer. [7] [8] [9] [10] DWI is a noninvasive technique that generates tissue contrast based on differences in the diffusion of water molecules during a magnetic resonance (MR) pulse sequence. The diffusion parameters can be influenced by several intratissue properties such as fluid viscosity, intracellular-to-extracellular membrane flow, and structural properties. The diffusion rate is quantified using the apparent diffusion coefficient (ADC). Echo-planar imaging (EPI) during DWI enables faster image acquisition (40-100 ms per image). However, DWI imaging is subject to several limitations including low spatial resolution and low signal-tonoise ratio (partly due to the fast image acquisition techniques) as well as magnetic susceptibility artifacts, chemical shift artifacts, and motion artifacts. [11] Thus, the development and improvement of DWI has been an active area of research. One novel MRI technique is readout segmentation of long variable echo-trains DWI (RESOLVE-DWI), which is based on segment sampling of the EPI sequence in the readout direction. [12] [13] [14] Advantages of RESOLVE-DWI include shorter sampling time and echo time (TE) and a reduction in magnetic susceptibility artifacts, motioninduced artifacts, and blurring due to T2 decay; these advantages improve image quality and signal-to-noise ratio. [12] [13] [14] DCE-MRI assesses perfusion and oxygenation within tumor tissue. This technique involves the intravenous injection of lowmolecular weight, paramagnetic contrast agents, and the subsequent acquisition of images every few seconds for 1 to 3 minutes. Several studies have combined DWI and DCE-MRI for better assessment of breast tumors. [15] [16] [17] The semiquantitative analysis performed in DCE-MRI involves the measurement of contrast parameters from the dynamic time-signal intensity curve. However, this method cannot accurately reflect variation in the concentration of a contrast agent within a lesion. Quantitative DCE-MRI has an advantage over semiquantitative DCE-MRI in that it obtains quantitative hemodynamic parameters by dynamically monitoring the in vivo pharmacokinetics of the contrast agent through measurements of several parameters, including K trans (the rate of contrast agent transport from the blood plasma to the extravascular-extracellular space), K ep (the transport rate describing the return of the contrast agent from the extravascular-extracellular space to the blood plasma) and V e (the fractional volume of the extravascular-extracellular space in the tissue). However, an important limitation of quantitative DCE-MRI is its low temporal resolution. This has been partly addressed by newer DCE-MRI techniques such as time-resolved angiography with interleaved stochastic trajectories (TWIST), [18] which increases the scanning speed by filling the k-space with a spiral orbit. The parameters obtained using TWIST are thought to accurately reflect blood flow and vascular permeability in the body. TWIST DCE-MRI sequences have also been shown to improve both the signal-to-noise ratio and fat-suppression, improving overall image quality by more clearly delineating lesion edges and better displaying the characteristics of internal structures. [15, [19] [20] [21] [22] [23] Only a small number of clinical investigations have described the use of TWIST DCE-MRI and RESOLVE-DWI in the imaging of breast diseases. Furthermore, very few studies have examined whether the combined use of TWIST DCE-MRI and RESOLVE-DWI could improve the differential diagnosis of benign and malignant breast lesions. Therefore, the present study was carried out to determine whether TWIST DCE-MRI and RESOLVE-DWI could potentially be used in the clinical setting to identify breast cancer lesions and distinguish between benign and malignant breast lesions.
Methods

Patients
This was a retrospective diagnostic study of patients (all females) presenting with breast lesions identified by clinical palpation, ultrasonography, or mammography. Data collection and MR scanning were performed in the People's Hospital, Meizhou, Guangdong Province, China between January 2016 and April 2016. All patients provided informed written consent before examination. The study was approved by the ethics committee of our hospital. Due to the retrospective nature of the study, consent for inclusion in the analysis was not deemed to be required.
The inclusion criteria were: biopsy, surgery, radiotherapy, chemotherapy, hormone therapy, or targeted therapy had not been undertaken before the imaging investigations were carried out; the images obtained by MR scanning contained no obvious motion artifacts and enhanced MRI yielded in-focus images; and the diagnosis was confirmed by pathologic examination of a surgically obtained specimen within 5 days of MR scanning. The exclusion criteria were: the patient had received surgical or medical treatment before the imaging examination; the patient was pregnant or in lactation; or severe heart, liver or kidney disease, immune diseases, or any other internal or surgical disease.
Instruments and methods
Imaging was carried out using a 3.0T MR scanner (Magnetom Skyra, Siemens, Germany) with dedicated, 16-channel, bilateral breast phased array coils. The patients were scanned in the prone position with the breasts unsupported. The scanned region included the bilateral breast tissue, bilateral axillae, and aorta.
The 
MRI data processing and collection
All images were analyzed and processed independently by 2 attending radiologists who had more than 5 years of work experience. Differences of opinion were resolved by discussion. The image was transmitted to a Syngo Via workstation (Siemens) and postprocessing was carried out using Tissue 4D software (Siemens). The lesion location was confirmed using a combination of T2WI, DWI, and enhanced imaging. The most clearly enhanced region in the lesion was selected as the region of interest (ROI). The Tofts model was used to measure and calculate the following quantitative parameters for each lesion: the volume transfer constant,
), which is the rate constant for the diffusion of the contrast agent from the intravascular to the extravascular space; the extravascular-extracellular space volume ratio, V e , which is the extravascular-extracellular space volume for the entire voxel ratio; and K ep (min À1 ), which is the rate constant for the diffusion of the contrast agent from the extravascular to the intravascular space. The relationship between the 3 parameters was: V e = K trans / K ep . Pseudocolor images of the quantitative parameters and the time-concentration curve were obtained. The following semiquantitative parameters for each lesion were derived using a qualitative model: the rate of contrast enhancement for contrast agent inflow (W-in) (min À1 ); the rate of contrast decay for contrast agent outflow (W-out) (min À1 ); and the time-to-peak enhancement after contrast agent injection (TTP) (minutes). Pseudocolor images and the timeconcentration curve were obtained for each semiquantitative parameter. The RESOLVE-DWI sequence (b = 800), EPI-DWI sequence (b = 800) and their respective ADC images were opened as read-only files, and the ADC values for the RESOLVE-DWI sequence (ADCr) and EPI-DWI sequence (ADCe) were measured in the same region of the lesion. To avoid measurement error, the ROI was selected so as to avoid blood vessels, regions of calcification, fatty tissue, cavities and necrotic tissue. Each lesion parameter was measured 3 times with the region in which the measurement was made kept as consistent as possible, and the averaged value was taken as the final measurement.
Gold standard
The cases were divided into 2 groups (benign group or malignant group) based on the pathologic results, which were considered as the gold standard.
Statistical analysis
SPSS 17.0 software (IBM, Armonk, NY) was used for data analysis. The data for each parameter were subjected to tests of normality and homogeneity of variance. Quantitative data are presented as means ± standard deviations (SDs) and categorical data are presented as frequencies and percentages. For parameters that were normally distributed and had homogeneity of variance, the independent-samples t-test was used for comparisons between groups. For parameters that were nonnormally distributed or showed heterogeneity of variance, a nonparametric test for 2 independent samples (rank sum test) was applied. The difference between ADCr and ADCe was normally distributed, so a paired-sample t-test was used for comparisons between the 2 groups. Receiver operating characteristic (ROC) curve analysis was used to evaluate the diagnostic utility of each parameter for the detection of malignant breast lesions. The area under the curve (AUC), diagnostic threshold, sensitivity, specificity, and diagnostic accuracy of each parameter were calculated according to the maximum Youden index (Youden index = sensitivity + specificity À 1). The diagnostic efficiency of combining quantitative DCE-MRI parameters with the ADC value was also investigated. A P-value < .05 was considered to indicate statistical significance.
Results
Baseline clinical characteristics of the study participants
A total of 89 lesions (2 cases with double lesions) from 87 patients (all females) satisfied the inclusion and exclusion criteria. The benign group (age range, 36-69 years; median age, 46 years) consisted of 20 patients with 21 lesions, including fibroadenoma (n = 7), intraductal papilloma (n = 5), mammary dysplasia (n = 3), adenosis of the breast (n = 2), benign phyllodes tumor (n = 2), sclerosing adenosis (n = 1), and chronic nonspecific mastitis (n = 1). The malignant group (age range, 25-79 years; median age, 48 years) comprised 67 patients with 68 lesions, including invasive ductal carcinoma (n = 55), preinvasive carcinoma (n = 5), intraductal carcinoma accompanied by microinvasion (n = 4), medullary carcinoma (n = 2), malignant grade II phyllodes tumor (n = 1), and mucinous carcinoma (n = 1). One lesion from each of the benign and malignant groups was excluded from further analysis due to parameter deviation; therefore, a total of 87 cases with 87 lesions (20 in the benign group, 67 in the malignant group) were included in the final analysis. There were no significant differences between the malignant and benign groups in patient age, weight, or family history of breast cancer (Table 1) .
Image quality assessment
No obvious motion artifacts were observed in any of the images from the 87 patients. The lesions could be clearly observed in Table 1 Comparison of baseline clinical data between the benign and malignant groups. DCE-MRI or DWI sequences. TWIST DCE-MRI yielded images with a higher signal-to-noise ratio that clearly delineated the lesion margins and revealed the characteristics of the lesion's internal structure. The RESOLVE-DWI sequence and its ADC image were superior to the EPI-DWI sequence and its ADC image at showing the morphology of the lesion and its boundary (Fig. 1 ).
Analysis of quantitative and semiquantitative parameters
The mean values of the quantitative parameters K trans and K ep were significantly higher in the malignant group than in the benign group (K trans : 0.154 ± 0.015 vs 0.091 ± 0.014 min À1 , P = .036; K ep : 0.947 ± 0.089 vs 0.441 ± 0.065 min À1 , P = .001), whereas V e was not significantly different between groups (Table 2) . With regard to the semiquantitative parameters, the mean value of W-in was significantly higher in the malignant group than in the benign group (0.638 ± 0.0364 vs 0.379 ± 0.074 min À1 , P = .002) while the mean values of W-out (À0.023 ± 0.012 vs 0.022 ± 0.006 min À1 , P < .001) and TTP (0.639 ± 0.034 vs 1.276 ± 0.165 minutes, P < .001) were significantly lower in the malignant group than in the benign group (Table 2) .
Both the RESOLVE-DWI (b = 800) and EPI-DWI (b = 800) sequences exhibited a higher or slightly higher signal in the ADC image for conventional EPI-DWI. ADC = apparent diffusion coefficient, DCE = dynamic contrast-enhanced, EPI = echo-planar imaging, K ep = transport rate describing the return of the contrast agent from the extravascular-extracellular space to the blood plasma, K trans = rate of contrast agent transport from the blood plasma to the extravascular-extracellular space, MR = magnetic resonance, RESOLVE-DWI = readout segmentation of long variable echo-trains diffusion-weighted magnetic resonance imaging, ROI = region of interest, TTP = time-to-peak enhancement after contrast agent injection, TWIST = time-resolved angiography with interleaved stochastic trajectories, V e = fractional volume of the extravascular-extracellular space in the tissue, W-in = rate of contrast enhancement for contrast agent inflow, W-out = rate of contrast decay for contrast agent outflow.
Table 2
Comparison of parameters and apparent diffusion coefficient values between the malignant and benign groups.
Parameter
Malignant group (n = 67) Benign group (n = 20) P value ADCe = apparent diffusion coefficient for EPI-DWI (echo-planar imaging-diffusion-weighted magnetic resonance imaging) sequence, ADCr = apparent diffusion coefficient for RESOLVE-DWI (readout segmentation of long variable echo-trains diffusion-weighted magnetic resonance imaging) sequence, K ep = transport rate describing the return of the contrast agent from the extravascular-extracellular space to the blood plasma, K trans = rate of contrast agent transport from the blood plasma to the extravascular-extracellular space, SD = standard deviation, TTP = time to peak enhancement after contrast agent injection, V e = fractional volume of the extravascular-extracellular space in the tissue, W-in = rate of contrast enhancement for contrast agent inflow, W-out = rate of contrast decay for contrast agent outflow. À3 mm 2 /s, P < .001; Table 2 ). In addition, the mean value of ADCr in all patients (0.883 ± 0.033 Â 10 À3 mm 2 /s) was significantly lower than that of ADCe (0.957 ± 0.038 Â 10 À3 mm 2 /s; P < .001).
Diagnostic utility of each parameter for distinguishing malignant from benign breast lesions
The ROC curves for each parameter are shown in Figure 2 . The optimal critical threshold and the corresponding sensitivity and specificity values for each parameter were obtained through determination of the maximum Youden index (Fig. 2 , Table 3 ).
The AUC was higher for K ep (0.890) than for K trans (0.679) or V e (0.613), suggesting that K ep had the highest diagnostic efficiency among the quantitative parameters ( Table 3 ). The optimal threshold value for K ep was 0.580 min À1 , and this resulted in sensitivity, specificity and accuracy values of 89.6%, 90.0% and 89.6%, respectively. The AUC of W-out (0.922) was higher than that of W-in (0.751) or TTP (0.855), indicating that W-out had the highest diagnostic efficiency among the semiquantitative parameters (Table 3) . With 0.005 as the optimal threshold value, the sensitivity, specificity, and accuracy of W-out were 89.6%, 85.0%, and 88.5%, respectively. The AUCs of ADCr (0.943) and ADCe (0.924) were both high, suggesting high diagnostic efficiency (Table 3 ). Using 0.929 Â 10 À3 mm 2 /s as the optimal threshold, the sensitivity, specificity, and accuracy of ADCr were 92.5%, 90.0%, and 91.9%, respectively. ROC curves for the semiquantitative parameters W-in, W-out, and TTP. (C) ROC curves for ADCr and ADCe. ADCe = apparent diffusion coefficient for EPI-DWI (echo-planar imaging-diffusion-weighted magnetic resonance imaging) sequence, ADCr = apparent diffusion coefficient for RESOLVE-DWI (readout segmentation of long variable echo-trains diffusion-weighted magnetic resonance imaging) sequence, K ep = transport rate describing the return of the contrast agent from the extravascular-extracellular space to the blood plasma, K trans = rate of contrast agent transport from the blood plasma to the extravascular-extracellular space, ROC = receiver operating characteristic, TTP = time-to-peak enhancement after contrast agent injection, V e = fractional volume of the extravascular-extracellular space in the tissue, W-in = rate of contrast enhancement for contrast agent inflow, W-out = rate of contrast decay for contrast agent outflow. Table 3 Diagnostic efficiency, sensitivity, specificity and accuracy of the various parameters for distinguishing malignant from benign breast lesions. Note: K ep , W-out, and ADCr were used for the combined diagnostic index. ADCe = apparent diffusion coefficient for EPI-DWI (echo-planar imaging-diffusion-weighted magnetic resonance imaging) sequence, ADCr = apparent diffusion coefficient for RESOLVE-DWI (readout segmentation of long variable echo-trains diffusion-weighted magnetic resonance imaging) sequence, K ep = transport rate describing the return of the contrast agent from the extravascular-extracellular space to the blood plasma, K trans = rate of contrast agent transport from the blood plasma to the extravascular-extracellular space, SD = standard deviation, TTP = time-to-peak enhancement after contrast agent injection, V e = fractional volume of the extravascular-extracellular space in the tissue, W-in = rate of contrast enhancement for contrast agent inflow, W-out = rate of contrast decay for contrast agent outflow.
Parameter
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The quantitative parameter K ep and the semiquantitative parameters W-out and ADCr were selected for the combined diagnostic index, since these showed the highest diagnostic efficiency among their respective parameter groups. The combined index was calculated as follows: 1 point was assigned for each of K ep ≥ 0.580 min
À1
, W-out 0.005, and ADCr 0.929 Â 10 À3 mm 2 /s; a score of ≥2 points (i.e., at least 2 of these criteria were met) was taken to indicate a malignant lesion. The sensitivity, specificity, and accuracy of this combined index were 91.0%, 95.0%, and 91.9%, respectively (Fig. 2, Table 3) . Furthermore, the AUC of the combined index was 0.965, higher than that of any individual parameter.
Discussion
In this retrospective study, we have compared the utilities of several quantitative (K trans , K ep , V e ) and semiquantitative (W-in, W-out, TTP, ADCr, and ADCe) parameters for distinguishing between benign and malignant breast lesions. We found that K ep , W-out, ADCr, and ADCe showed the highest diagnostic efficiency (based on AUC value) for differentiating between benign and malignant breast lesions. Furthermore, the combination of 3 diagnostic parameters (K ep , W-out, and ADCr) had a diagnostic efficiency (AUC value of 0.965) greater than that of any individual parameter and could distinguish between benign and malignant breast lesions with high sensitivity, specificity, and accuracy (91.0%, 95.0%, and 91.9%, respectively). This combined index could potentially be used in the clinic for the differential diagnosis of breast lesions.
The occurrence, development, and outcome of tumors is closely related to angiogenesis. [12] During the development of breast cancer, the secretion of a variety of vasoactive substances leads to increases in tumor microvessel density and alterations in the volume and flow of blood in the tumor microcirculation. Structural disorders in the newly formed blood vessels, immaturity of the vascular endothelial cells, and basement membrane and increased vascular permeability all contribute to an imbalance in the microcirculation of a breast cancer lesion. [24, 25] DCE-MRI measures the characteristics of the microvascular perfusion of a lesion, and thus can potentially distinguish between benign and malignant tissues. We found that the DCE-MRI quantitative parameters, K trans and K ep , were significantly increased in malignant breast lesions, consistent with numerous previous studies. [19, [26] [27] [28] [29] We speculate that the enhancement of malignant tumors with contrast agent is increased (relative to that of benign tumors) due to the presence of a high density of new vessels with structural disorders that have an elevated permeability. In our study, the diagnostic efficacy of K ep was higher than that of K trans , with the former having a high sensitivity and specificity and the latter a high sensitivity but low specificity. The lower specificity for K trans could arise due to the fact that this parameter is influenced by changes in the blood flow of the supplying blood vessel, the transmembrane velocity of the contrast agent and the diffusion rate in the intercellular space. Thus, K ep may be a more stable parameter than K trans , as shown in a previous study. [30] However, the range of K trans and K ep values obtained for benign and malignant lesions in our study was different from values reported previously. [19, [26] [27] [28] [29] 31] One possible reason for this apparent discrepancy is that the various studies used different mathematical models, which would have resulted in different values for the hemodynamic parameters. [32] In addition, the scanning sequences and doses of contrast agent used during scanning also differed between studies and thus may have contributed to variations in the calculated values of the parameters. Despite differences in the absolute values of the parameters, a consistent finding in our study and these previous investigations [19, [26] [27] [28] [29] was that the K trans and K ep values were significantly higher for malignant breast lesions than for benign lesions.
Although this study found that V e was numerically lower in the malignant group than in the benign group, this difference was not significant as suggested in previous studies. [28, 31] In contrast, Dou et al [28] showed that V e was reduced successively from malignant lesions to benign lesions to normal tissue, whereas we observed that V e was lower in the malignant group than in the benign group. Another study also observed that the V e value was unstable, [33] and it was suggested that V e may be affected by edema around the lesion or gradual changes in the relative proportions of extravascular volume and extracellular volume in the tissue during the development of the lesion. Variations in the results between studies may also be due to differences in the input artery; [34, 35] however, the specific reasons for the apparent discrepancies between investigations require further research.
Comparisons of semiquantitative parameters (W-in, W-out, and TTP) between malignant and benign lesions revealed that malignant lesions exhibited faster inflow and outflow of contrast agent with a shorter time to achieve the peak contrast agent concentration. These differences between malignant and benign lesions may arise from increased vascular permeability and enhanced delivery/exchange of contrast agent in malignant lesions, [28] in turn due to a high density of newly formed blood vessels, disorganized vascular structure, increased vessel diameter induced by arteriovenous fistula formation, abnormal endothelial integrity, a thin vascular wall and reduced quantities of basement membrane.
DWI observes the Brownian motion of water molecules in vivo and provides information regarding the functional changes in water molecule movement in human tissues from a molecular angle. In malignant tumors, vigorous cell proliferation, a high cell density and a reduction in the extracellular space limit the activity of water molecules and decrease the ADC value. This study showed that the ADCe and ADCr values were significantly lower in malignant breast lesions than in benign lesions and that both these parameters had high diagnostic efficiency for distinguishing malignant lesions from benign lesions. RESOLVE-DWI was superior to conventional EPI-DWI at illustrating lesion morphology and identifying the boundary of the lesion, with no obvious image deformities or artifacts seen, suggesting that RESOLVE-DWI may have advantages over EPI-DWI in the differential diagnosis of breast lesions. The mean ADCr value in all patients was significantly lower than the ADCe value, in contrast to a previous study reporting that although the ADC value was numerically lower for RESOLVE-DWI than for conventional DWI, this apparent difference was not significant. [36] Further investigations with larger sample sizes are needed to resolve this apparent inconsistency between studies.
There were several limitations to this study. First, the parameters were compared only between benign and malignant lesions; measurements of the parameters in a normal control group (i.e., normal breast tissue) were not undertaken, and comparisons between different grades of malignant lesion were also not made. This limits the interpretation of the results. Second, the number of benign cases included in the analysis was small, which may have influenced the statistical results. Third, our study did not analyze whether the ROI size had an impact on parameter measurement. Fourth, our analysis was retrospective and so may have been prone to selection bias, recall bias, and confounding. Prospective studies are needed to confirm and extend our observations. TWIST DCE-MRI had high temporal and spatial resolution and could reflect the morphologic and hemodynamic features of breast lesions. Lesion shape and boundary were more clearly observed using RESOLVE-DWI than conventional EPI-DWI. Of the quantitative and semiquantitative parameters assessed, K ep , Wout, ADCr, and ADCe showed the highest diagnostic efficiency for differentiating between benign and malignant breast lesions. Furthermore, the combination of 3 diagnostic parameters (K ep , W-out, and ADCr) distinguished between benign and malignant breast lesions with high sensitivity, specificity, and accuracy.
